Abstract: β-tricalcium phosphate (β-TCP) has a fast rate of bioabsorption, and has been used clinically as bioabsorbant ceramics that is absorbed in vivo and gradually replaced by newly formed bone. Here, we focus on various metal ions with regards to their solid solution substitution in β-TCP, and explain the effects of ion substitution in β-TCP on properties such as structural stability and solubility from a crystal chemistry viewpoint. We also discuss the possibility of metal-ion-subsituted β-TCP materials as hard tissue replacements.
INTRODUCTION
In recent years, the ratio of the population over the age of 65 in Japan has been higher than that in the United States and various European countries, and the declining birth-rate and population ageing are rapidly worsening 1 .
As the ageing of society progresses, the number of patients emerging with fractures and osteoporosis increases because of the reduction in bone density caused by ageing. Owing to this, the importance of hard tissue substitutes, which are used in repairing and filling the defective part of the bone, is increasing 2 . Of these, β-tricalcium phosphate (β-TCP) has a very fast rate of bioabsorption, and has been used clinically as a bioabsorbant ceramic that is absorbed in vivo, and gradually replaced by newly formed bone 3 .
Where this clinical application takes place, the rate of In this review, we focus on various metal ions with regards to their solid solution substitution into β-TCP, and explain the effects of positive ion substitution in β-TCP on properties such as structural stability and solubility from a materials science viewpoint. We also discuss the possibility of metal-ion-subsituted β-TCP materials as hard tissue replacements. have reported the crystal structures of a series of compounds such as Ca 9 M(PO 4 ) 7 (M=Fe,Co,Cu) 8 . In addition, the thermal stability and sinterability of these compounds due to substitution has been reported 9, 10 .
THE CRYSTAL STRUCTURE OF TRICALCIUM PHOSPHATE
First, substitution with bivalent metal ions with ionic radii less than that of Ca (Mg, Zn, etc.) will be explained.
The preparation of materials and method of synthesis for Next, substitution with bivalent metal ions with ionic radii greater than that of Ca will be explained. The production of solid solutions using exchange by Sr ions to blend in a similar way to Mg ions was investigated 11 . Table 1 . Owing to this, the chemical formula of the product at the solubility limit is Sr 18 Ca 3 □(PO 4 ) 14 . In this way, the mechanism of solid solution substitution differs among bivalent metal ions due to differences in their ionic radii. . Additionally, the authors have reported the formation of solid solutions of β-TCP using the monovalent ions Li, Na, and K and the thermal stability 14 and solubility 15 of these sol id solutions.
When forming a solid solution substitution using monovalent metal ions, in addition to calcium phosphate, an alkali carbonate is used as the starting material and combined to produce a Mg ion molar percent /mol% Sr ion molar percent /mol%
R3m
(Ca+M Ⅰ +□)/P molar ratio of 1.571. In this case, the mixture assumes that the monovalent positive ions will substitute with both the calcium ions and the vacant position. The molar ratio is expressed as M Ⅰ = M Ⅰ / (Ca+M Ⅰ +□). The synthesis method has the same solid phase reaction as that previously described for the bivalent metal ions. 
6) Solubility of metal-ion-substituted TCP solid solutions
The solubility of inorganic compounds (solubility product: K sp ) depends upon ΔG ﾟ = RT ln K sp . This means that if the thermal stability of the β-TCP structure is high, the solubility will be low, and vice versa. In other words, from the evaluation of the thermal stability in β-α transitions of metal-ion-substituted β-TCP, the solubility can also be estimated. Meanwhile, there are essential elements in vivo that preserve homoeostasis, and allow for normal metabolism.
In particular, the pharmacological action of elements (ions) essential for osteocytes motivated the ion substitution of β-TCP; however, studies that discuss the effects of this are rare. Obadia et al. 19 prepared Na-β-TCP and made a cellular evaluation of MC3T3-E1 cells. While they showed that Na ion substitution increased mechanical strength and reduced solubility, they concluded that the bioactivity of the materials could not be improved. Douard et al. 20 prepared Si-β-TCP and performed a cellular evaluation; however, despite an increase in cellular attachment accompanying increases in Si content, the results did not imply that the material was cytocompatible.
Additionally, numerous studies on in vitro cellular evaluations, such as those by Wei et al. 21 into SiZn-β-TCP and by Bandyopadhyay et al. 22 into Zn-β-TCP, related the solubility, surface roughness, surface charge, and interface properties such as contact angle of the material. Of these, Ito et al. 23 reported that Zn ions in Zn-β-TCP with a low amount of Zn (1 wt% or less) had bone formation-promoting action.
SUMMARY
In the present report, the crystal structure of β-TCP and the substitution mechanism of mono-and bivalent ions, as well as their altered properties, have been clarified. 
